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S’17cTi)lES OF TLTBOJET COMBUSTOR AND FLTEL-SYSTEM 

OPERATION W I T H  HYDROGEN ??UEL AT -4OOO F * 
. S t r a i g h t ,  Arthur L. Smith, 2nd Harold H. 

SUMMARY 

A s i n g l e  J33 combus t o r  and an experiments1 t u b u l z r  combust or incor  - 
p o r a t i n g  a f u e l  vaporizor were operated with g:7seous hydrogen at tempera- 
t u r e s  s l i g h t l y  Cibove t h e  b o i l i n g  p o i n t  o f  t h e  f u e l .  D a t s  were obt?ined 
t o  explore  p o s s i b l e  e f f e c t s  of  t h e  f u e l  temperature on combustor perform- 
ance and on t h e  c o n t r o l  and measurement of  f u e l  f low. Combustion e f f i -  
c i e n c i e s  and combustor o u t l e t  temperature p r o f i l e s  were determined over 
a range o f  combustor i n l e t - a i r  pressures  from 4 t o  40 inches of  mercury 
abso lu te  znd st a combustor i n l e t - e i r  temperature of 300° F.  For cam- 
p s r i s o n ,  similar d a t a  were obtained with hydrogen f u e l  a t  ambient ’ 

9 temperatures.  

I n  gene ra l ,  combustion e f f i c i e n c y  w a s  near 100 pe rcen t  f o r  both 
combustors and f o r  bo th  t h e  cold and the w a r m  f u e l s .  Conbustor o u t l e t  
temperature p r o f i l e s  were similar t o  those obtained wi th  l i q u i d  hydro- 
carbon f u e l s  i n  t h e  J33 combustor and were not a f f e c t e d  by the  tempers- 
t u r e  of t h e  f u e l .  The vaporizing combustor produced an o u t l e t  tempera- 
t u r e  p r o f i l e  having a hot  co re .  

Measurements of t h e  t r a n s f e r  of  heat t o  the  b o i l i n g  l i q u i d  hydrogen 
i n  t h e  3/4-inch vacuum-insulated t r a n s f e r  p i p i n g  ind ica t ed  a heat  - leak 
ra te  of approximately 38 Btu pe r  hour p e r  f o o t  o f  l e n g t h .  P res su re  and 
temperature o s c i l l a t i o n s  were observed i n  p o r t i o n s  of t h e  system where 
b o i l i n g  of t h e  f u e l  occurred; however, i t  is be l i eved  t h s t  t hese  o s c i l -  
l a t i o n s  can be e l imina ted  by f u r t h e r  refinement i n  t h e  f u e l  system. 

ai 

I n  a d d i t i o n  t o  t h e  combustor tests,  a fl iIne2-tube kept. exchanger, 
such as may be used t o  vaporize l i q u i d  hydrogen, was sub jec t ed  t o  l a r g e  
temperature t r a n s i e n t s  by introducing c o l d  f u e l  a t  f u e l  temperatures 
near -4OOO F while  t h e  hea t  exchanger w a s  immersed i n  a 1500° F 62% 
stream. No no t i ceab le  damage occurred af ter  s e v e r a l  tri,?ls. 

Title, Unclassified. * 
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EW3ODUCT I O N  

Considerable improvements i n  a i r c r a f t  range and a l t i t u d e  may be  
r e a l i z e d  with t h e  u s e  of  l i q u i d  hydrogen as a f u e l  ( r e f .  1). 
s u b s t a n t i a l  gains  i n  t u r b o j e t  combustor performance can be  obtained w i t h  
t h e  use of  w a r m  gaseous hydrogen ( refs .  2 and 3 ) .  
shows t h a t ,  w i th  t h e  u s e  of gaseous hydrogen, combustor l e n g t h  can be 
reduced without s a c r i f i c i n g  combustor performance. The p r a c t i c a l  u s e  Of 

hydrogen f o r  t u r b o j e t  engines requires t h a t  i t  be  s t o r e d  as a l i q u i d  i n  
t h e  f u e l  supply t anks .  Ult imately,  t he  l a r g e  hea t  s i n k  a v a i l a b l e  i n  t h e  
c o l d  l i q u i d  f u e l  would be used t o  coo l  var ious p a r t s  of  t h e  a i r p l a n e  and 
t h e  engine, and w a r m  gaseous f u e l  would then be supp l i ed  t o  t h e  combustor. 
However, i n  the e a r l y  development phases of hydrogen-fueled a i r c r a f t ,  f u e l  
systems and combustion chambers may 'nave t o  ope ra t e  wi th  co ld  gaseous 
hydrogen a t  temperatures s l i g h t l y  above i t s  b o i l i n g  p o i n t .  Also,  during 
takeoff  and low-speed f l i g h t  of  a hydrogen-fueled a i r c r a f t ,  cool ing re- 
quirements would be g r e a t l y  reduced, and f u e l  temperatures s l i g h t l y  above 
t h e  b o i l i n g  p o i n t  may be encountered a t  the  combustor. The i n v e s t i g a t i o n  
r epor t ed  h e r e i n  w a s  conducted t o  determine whether t h e r e  i s  any adverse 
e f f e c t  of cold f u e l  on combustor performance and t o  g a i n  ope ra t ing  ex- 
pe r i ence  i n  t h e  measurement and c o n t r o l  of f u e l  flow at  t h e s e  low 
temperatures.  

I n  a d d i t i o n ,  

F u r t h e r ,  r e f e rence  4 

I+ 
I- o-. -. 

Two d i f f e r e n t  combustor designs were operated wi th  c o l d  gaseous 
hydrogen f u e l .  
nozzle ,  was operated over a range of combustor i n l e t - a i r  p r e s s u r e s  from 
4 t o  30 inches of mercury abso lu te .  The second combustor design incor-  
po ra t ed  vaporizing tubes i n  which t h e  f u e l  mixed wi th  some o f  t he  a i r  
be fo re  it en te red  the  combustion zone. This  combustor w a s  operated a t  
i n l e t - a i r  pressures o f  36.6 and 40.6 inches of mercury a b s o l u t e .  The 
performance d a t a  obtained w i t h  t h e s e  combustors i nc lude  combustion e f f i -  
c i ency  and the  temperature p r o f i l e  a t  t h e  combustor o u t l e t .  

The f irst  design, a 533 combustor w i th  a modified f u e l  

Descr ipt ions of t h e  s p e c i a l  equipment, instrumentat ion,  and ope ra t ing  
techniques r equ i r ed  f o r  t h e  c o n t r o l  and measurement of l i q u i d  and gaseous 
hydrogen flows a t  temperatures c l o s e  t o  t h e  b o i l i n g  p o i n t  are included 
h e r e i n .  
D e w a r  tank. Two types  of hea t  exchanger were used t o  vaporize t h e  f u e l  be- 
f o r e  it en te red  t h e  combustor. For  the 533 combustor tests, a concen t r i c -  
tube heat exchanger w a s  used i n  which helium w a s  used as a source of 
h e a t .  For some of  t h e  runs  w i t h  t h e  vaporizer- tube combustor, a finned- 
tube heat exchanger w a s  i n s t a l l e d  i n  t h e  exhaust s e c t i o n  downstream of  
t h e  combustor. 

The l i q u i d  hydrogen w a s  suppl ied under p r e s s u r e  from a s t o r a g e  
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APPARATUS AND PROCEDURE 

Combustors 

I n s t a l l a t i o n .  - The tes t  combustors were i n s t a l l e d  i n  a connected- 
duct f a c i l i t y  as shown i n  f i g u r e  1. Combustion a i r  from t h e  l abora to ry  
supply system flowed f irst  through a sharp-edged o r i f i c e  f o r  measuring 
t h e  a i r f l o w  rate and then  through an e l e c t r i c  h e a t e r  f o r  c o n t r o l l i n g  t h e  
combustor i n l e t - a i r  temperature.  The a i r f low and p r e s s u r e  a t  t h e  com- 
b u s t o r  test  s e c t i o n  were c o n t r o l l e d  by r e g u l a t i n g  valves  i n  t h e  a i r  
supply l i n e  and i n  t h e  a l t i t u d e  exhaust system. Water sp rays  l o c a t e d  i n  
t h e  exhaust s e c t i o n  cooled the exhaust gases and d i l u t e d  them wi th  water 
vapor t o  reduce t h e  o v e r - a l l  m i x t u r e  r a t i o  t o  a safe l e v e l  i n  the event 
some of  t h e  f u e l  d i d  not burn i n  the combustor. 

533 Combustor. - A 533 combustor with a modified f u e l  nozzle ( f i g .  2 )  
w a s  chosen f o r  t h i s  i n v e s t i g a t i o n ,  since r e fe rence  performance d a t a  wi th  
w a r m  f u e l  were a v a i l a b l e  ( r e f .  2 ) .  Hydrogen w a s  i n j e c t e d  through s i x  
0.063-inch ho le s  e q u a l l y  spaced about t h e  a x i s  o f  the nozzle t i p  and 
i n c l i n e d  a t  an angle  of 4 5 O  from the ax i s  ( f i g .  2 ) .  I n  add i t ion ,  one 
ho le  0.016 inch i n  diameter i n j e c t e d  f u e l  a long t h e  a x i s .  I g n i t i o n  w a s  
provided by a s tandard i g n i t o r  l oca t ed  i n  t h e  dome area of  t h e  combustor 
l i n e r .  The combustor was operated at i n l e t - a i r  p r e s s u r e s  of  4, 8, 15, 
and 30 inches of mercury abso lu te  with co ld  f u e l ,  and a t  4, 8, and 15 
inches of  mercury abso lu te  w i t h  hydrogen f u e l  a t  ambient temperatures. 

Vaporizer-tube combustor. - The vaporizing-tube combustor w a s  designed 
t o  s i m u l a t e  the combustion process  tha t  occurs i n  s e v e r a l  cu r ren t  f u l l -  
s c a l e  engines .  A photograph of  t h e  combustor is shown i n  f i g u r e  3. The 
p ropor t ion ing  of t h e  entrance air-hole  areas i n  t h e  l i n e r  w a s  p a t t e r n e d  
after a cu r ren t  vaporizer-tube combustor. The dummy l i q u i d - f u e l  i n j e c t o r s  
shown i n  f i g u r e  3 were i n s t a l l e d  t o  simulate t h e  added blockage of t h e  
vaporizer-tube area t h a t  would e x i s t  i f  hydrocarbon f e e d  tubes were in -  
s ta l led  f o r  a l t e r n a t e  f u e l  operat ion.  I g n i t i o n  w a s  provided by a spa rk  
gap formed between a w i r e  connected t o  a high-voltage transformer and a 
metal su r face  i n  t h e  dome reg ion  of  the combustor l i n e r .  The vaporizing- 
tube combustor was operated a t  t h e  following i n l e t - a i r  condi t ions:  p re s -  
s u r e  of  36.6 and 40.6 inches of  mercury abso lu te ,  r e f e r e n c e  v e l o c i t y  of 
about 65 feet p e r  second, and temperature of  300° F. I n  add i t ion ,  t h e  
cornhiistor was operated a t  a high reference v e l o c i t y  (191 f t / s e c )  t o  
s imula t e  t h e  condi t ions i n  an engine t a i i p l p e  (67C f t / s e c  F n  combustor 
o u t l e t  s e c t i o n )  f o r  t h e  t a i l p i p e  heat-exchanger tests.  

Instrumentat ion.  - Instrumentation s t a t i o n s  are shown i n  f i g u r e s  1 
and 2. Total-pressure tubes were manifolded toge the r  a t  s t a t i o n s  A and 
D, and t h e  average r ead ing  of each s t a t i o n  was i n d i c a t e d  on abso lu te  
manometers. Average and i n d i v i d u a l  thermocouple r ead ings  from s t a t i o n s  
B and C were i n d i c a t e d  on self-balancing potent iometers .  Construct ion 
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d e t a i l s  of t he  t o t a l - p r e s s u r e  tubes and of t h e  thermocouples used are 
shown i n  f i g u r e  4. 
bustor  o u t l e t  temperatures ( s t a t i o n  C )  were of t h e  bare-wire crossf low 
type with a l a r g e  length-to-diameter r a t i o  t o  minimize conduction 
e r r o r s  ( r e f .  5 ) .  

The Chromel-Alumel thermocouples f o r  measuring com- 

An attempt w a s  made t o  v e r i f y  t h e  combustion-efficiency values  
ca lcu la ted  from the o u t l e t  thermocouple measurements by using gas a n a l y s i s .  
S ix  of t he  o u t l e t  t o t a l - p r e s s u r e  tubes were used t o  o b t a i n  a sample of 
t he  exhaust gases .  "he sample w a s  passed through d rye r s  t o  remove the 
water vapor and then analyzed by a thermal-conduct ivi ty  method. Since 
hydrogen has approximately seven times the  thermal conduc t iv i ty  of t h e  
o ther  cons t i t uen t s  of the mixture,  a high degree of s e n s i t i v i t y  was 
achieved. However, the sampling tubes were not cooled, and unburned 
f u e l  present  i n  the  exhaust products  may have r e a c t e d  i n  the sampling 
tubes because of c a t a l y t i c  a c t i o n  of t h e  hot  metal  su r f aces  of the 
sampling tubes .  

Fue l  System 

A schematic diagram of t h e  f u e l  system i s  presented  i n  f i g u r e  5, 

Liquid hydrogen w a s  s t o r e d  
During opera t ion ,  t h e  

showing the  bas i c  p ip ing ,  valves,  instrumentat ion,  and so f o r t h ,  f o r  
con t ro l  and measurement of t h e  f u e l  f low. 
under pressure of hydrogen gas i n  the  Dewar.  
l i q u i d  f u e l  flowed through vacuum-insulated t r a n s f e r  p i p i n g  t o  the heat 
exchanger, where it w a s  vaporized. 
emergency remotely operated f u e l  shutof f  valve (J), a t h r o t t l e  valve 
( K ) ,  and an o r i f i c e  (M) t o  t he  combustor. 
extended f r o m  t h e  Dewar t o  the  i n l e t  of t h e  o r i f i c e  run; from th i s  
s t a t i o n  t o  t h e  combustor connection, a s y n t h e t i c  foamed p l a s t i c  w a s  used 
f o r  i n su la t ion .  
p re s su r i z ing  the  Dewar, purging t h e  system, f lowing helium t o  t h e  hea t  
exchanger, and r e l i e v i n g  excessive p re s su res  i n  t h e  system through re l ief  
valves .  
when the system w a s  warm, or  wi th  a gas ana lyzer  when t h e  system was 
cold .  

The co ld  gas flowed through an 

The vacuum-insulated p i p i n g  

The o the r  p ip ing  shown i n  f i g u r e  5 w a s  necessary f o r  

Before opera t ion ,  t h e  system w a s  checked f o r  l e a k s  w i t h  soap suds 

To start opera t ion ,  t h e  system w a s  f irst  evacuated wi th  the vacuum 
pump. 
and f i l l e d  again wi th  helium t o  assure t h a t  no air was l e f t  i n  the system. 
Some hel ium w a s  allowed t o  flow i n t o  t h e  combustor t o  purge t h e  nozzle  
f eed  l i n e .  Before co ld  f u e l  w a s  f e d  i n t o  t h e  system, t h e  heat-exchanger 
helium flow was turned on t o  prevent  air from condensing i n  t h e  hea t  
exchanger. 
admitted t o  the system. 
t r o l l e d  by varylng t h e  h e l i u m  flow through t h e  heat exchanger or  by tu rn ing  
o f f  t h e  he l ium and evacuat ing t h e  heat-exchanger o u t e r  s h e l l  w i t h  the 
vacuum pump. L 

The system was then  f i l l e d  w i t h  helium under p re s su re ,  re-evacuated, 

After  t h e  i g n i t i o n  spark was  tu rned  on, t h e  co ld  f u e l  was 
The f u e l  temperature at t h e  combustor w a s  con- 

r 
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D e w a r .  - A schematic diagram of the D e w a r  supply t ank  is shown i n  
4 f i g u r e  6 .  

hydrogen, surrounded, i n  tu rn ,  by an evacuated chamber ( b ) ,  a l i q u i d -  
n i t r o g e n  tank (e},  and a second evacuated chamber (d)  . 
reduced t h e  hea t - l eak  rate due t o  r a d i a t i o n  from t h e  o u t e r  s h e l l  t o  t h e  
inne r  tank,  and t h e  vacuum chambers reduced the heat l e a k  due t o  con- 
vect ion and conduction. 

The Dewar c o n s i s t e d  of an inner tank (a} con ta in ing  the l i q u i d  

The l i q u i d  n i t r o g e n  

Some of t h e  a s s o c i a t e d  measuring and c o n t r o l  equipment are a l s o  
shown i n  f i g u r e  6.  P rov i s ion  was made f o r  f i l l i n g  and d r a i n i n g  bo th  t h e  
n i t rogen  and hydrogen tanks and f o r  venting t h e  gases  b o i l e d  o f f  from 
t h e  l i q u i d .  Pressure i n  bo th  tanks was c o n t r o l l e d  by  manual and automatic 
p r e s s u r e - r e l i e f  valves .  

P i p i n g  and valves .  - The cons t ruc t ion  of the vacuum-insulated f u e l  
l i n e  is  shown i n  f i g u r e  7 .  
s t a i n l e s s - s t e e l  p i p e  wrapped w i t h  aluminum f o i l ,  spaced i n s i d e  a 1.5- 
inch copper s h e l l .  The space between t h e  two p i p e s  w a s  sealed and 
evacuated t o  a p r e s s u r e  o f  about 3 microns of mercury abso lu te .  A bellows 
was s p l i c e d  i n t o  the  inner  tube t o  r e l i e v e  stresses i n  t h e  p i p e s  due t o  
thermal expansion. A carbon-block gas absorber  w a s  i n s t a l l e d  about every 
2 feet  along t h e  l e n g t h  of t h e  t u b e s  to  absorb r e s i d u a l  gases  i n  t h e  
annulus.  The s e c t i o n s  of  vacuum-jacketed tub ing  were connected by s p e c i a l  
unions that provided f o r  an ove r l ap  of the vacuum j a c k e t  t o  reduce t h e  
h e a t  l e a k .  

The f u e l  l i n e  c o n s i s t e d  of  a 3/4-inch 

Construct ion o f  a t y p i c a l  valve for cold-flow s e r v i c e  i s  a l s o  shown 
i n  f i g u r e  7.  The valve s t e m  and the bonnet were extended about 1 2  inches  
from t h e  valve seat .  E3oth t h e  valve s t e m  and t h e  bonnet were vacuum- 
i n s u l a t e d ;  thus,  t h e  valve seal  and the th reads  were i n  a w a r m e r  l o c a t i o n  
t o  a s s u r e  proper valve ope ra t ion .  
stem w a s  ac tua t ed  by a pressure-operated p i s t o n .  

For remotely operated valves ,  t h e  valve 

The e n t i r e  t r a n s f e r  system contained a number of  components r ep re -  
s e n t a t i v e  of a t y p i c a l  f u e l  system. 
about  22  f ee t  and contained t h e  following components: two T ’ s ,  two 
va lves ,  f i ve  90’ bends, 4 f ee t  of s t r a i g h t  p ipe ,  and a s h o r t  f lexible  
connection. These components were connected by 11 unions. 

The o v e r - a l l  l e n g t h  of  p i p i n g  was 

W i t  exchangers. - The counterflow concentr ic- tube h e a t  exchanger 
used t o  vaporize the l i q u i d  hydrogen f u e l  w a s  provided by m & i f y i r , g  an 
8-foot-long s e c t i o n  of t h e  vacuum-insulated t r a n s f e r  p i p e .  A s h o r t  
p i e c e  of 3/4-inch copper tub ing  was soldered t o  t h e  o u t e r  s h e l l  o f  t h e  
t r a n s f e r  p i p e  a t  each end t o  provide i n l e t  and o u t l e t  connections for 
helium. I n s t a l l a t i o n  of t h e  t a i l p i p e  heat exchanger i n  t h e  combustor 
exhaust duct i s  shown i n  f i g u r e  8(a).  
f o r  d i r e c t i n g  t h e  f u e l  flow through the  h e a t  exchanger o r  through a by- 
pas s  l i n e  are a l s o  shown. 

The c o n t r o l  valves i n  t h e  f u e l  l i n e  

Figure 8(b) i s  a photograph of  t h e  hea t  
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exchanger. 
were at tached t o  a 0.375-inch-diameter, 0.03125-inch-wall s t a i n l e s s - s t e e i  
tube.  The f i n s  were copper covered wi th  s t a i n l e s s  s t e e l .  Tests of i n -  
stantaneous i n t r o d u c t i o n  of co ld  f u e l  on t h e  h o t  inner  s u r f a c e  of the 
h e a t  exchanger were conducted by f irst  flowing f u e l  through the bypass 

Thin, c l o s e l y  packed (approximately 32 p e r  i n .  ) , s p i r a l  f i n s  

c 
F 
P 

i n t o  the combustor. Combustor o u t l e t  temperature and v e l o c i t y  of  approxi- 
mately 15000 F and 670 feet  p e r  second, r e s p e c t i v e l y ,  were e s t a b l i s h e d  \ 

t o  simulate engine t a i l p i p e  cond i t ions .  
temperatures were s t a b i l i z e d  a t  some temperature near  t h e  gas tempera- 
t u r e ,  the  f a s t - a c t i n g  valves were switched and t h e  co ld  gaseous hydrogen 
a t  approximately -4OOO F flowed through the h e a t  exchanger. No i n t e r -  
rup t ion  i n  combustion w a s  noted during t h e  t r a n s i t i o n .  

A f t e r  t h e  heat-exchanger metal 

Fuel-system instrumentat ion.  - The temperature of t h e  f u e l  w a s  meas- 
ured with copper-constantan thermocouples a t  the i n l e t  and o u t l e t  of t h e  
concentric-tube and t a i l p i p e  h e a t  exchangers and a t  t h e  o r i f i c e  ( f i g s .  5 
and 8(a ) ) .  Construct ion detai ls  of thsrmocouples i n s t a l l e d  a t  t h e  i n l e t  
and o u t l e t  of  t h e  o r i f i c e  run  are shown i n  f i g u r e  9 .  The thermocouples 
a t  the  i n l e t  of t h e  o r i f i c e  run and one of two thermocouples a t  the o u t l e t  
were shielded t o  reduce r a d i a t i o n  from t h e  w a l l s  of t h e  o r i f i c e  run .  The 
second o u t l e t  thermocouple was a bare-wire crossflow type .  Thermocouple 
connector plugs were mounted above t h e  l e v e l  o f  t h e  o r i f i c e  run  t o  prevent  
t h e  l i q u i d  a i r  t h a t  formed on t h e  p i p i n g  from reach ing  the plug.  

Construction de ta i l s  of t h e  o r i f i c e  used f o r  measuring fuel-f low 
rates a re  a l s o  shown i n  f i g u r e  9.  The i n l e t  p r e s s u r e  and t h e  p re s su re  
drop across  the o r i f i c e  were measured wi th  100-inch mercury manometers; 
f o r  low flow rates a 100-inch water manometer was used. The helium flow 
through t h e  o u t e r  she l l  of t h e  heat exchanger was measured wi th  a sharp- 
edged o r i f i c e  instrumented with a p r e s s u r e  gage, and a d i f f e r e n t i a l  p r e s -  
s u r e  manometer. 
heat exchanger w a s  a l s o  measured. 

The temperature of t h e  helium e n t e r i n g  and 1.eaving the 

Ca lcu la t ions  and C a l i b r a t i o n s  

Combustor performance. - Combustion e f f i c i e n c y  was c a l c u l a t e d  as 
t h e  percentage r a t i o  of a c t u a l  t o  t h e o r e t i c a l  i n c r e a s e  i n  enthalpy from 
t h e  combustor i n l e t  t o  the combustor o u t l e t  instrunlentat ion p l ane  ( r e f .  
2 ) .  
p e r a t u r e  thermocouples, and t h e  c o r r e c t i o n s  a p p l i e d  t o  t h e  combustor 
exhaust-gas temperature i n d i c a t i o n s  are desc r ibed  i n  t h e  appendix. 

The c a l c u l a t i o n  of fuel-flow rate,  t h e  c a l i b r a t i o n  of t h e  f u e l  t e m -  

Accuracy of  data. - The data p resen ted  h e r e i n  show combustion e f f i -  

(1) e r r o r s  i n  measurement 
c i e n c i e s  as high as 108 pe rcen t ;  obviously, cons ide rab le  e r r o r  i s  p resen t .  
The e r r o r s  are a t t r i b u t a b l e  t o  t h r e e  f a c t o r s :  
of  f u e l  temperature (see appendix),  which a f f e c t s  f u e l  d e n s i t y  and, hence, 
fuel-flow rate ,  (2)  o s c i l l a t i n g  flows and temperatures  t h a t  e x i s t e d  during 

. 
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some of the runs,  and (3) l a r g e  exhaust-gas temperature c o r r e c t i o n s  that 
were sub jec t  t o  e r r o r  ( see  appendix) . The measured v a r i a b l e s  o s c i l l a t e d  
a t  1 t o  2 cyc le s  per  minute a t  a r e l a t i v e l y  h igh  amplitude.  The data 
were recorded a t  both the  maximum and minimum values of the cyc le .  
a l l  the v a r i a b l e s  appeared t o  reach  t h e  maximum and minimum values  a t  
the same t i m e ,  each extreme of t h e  cycl ing was considered t o  be a sepa ra t e  
po in t  i n  the c a l c u l a t i o n s .  

-4 

Since 

RESULTS AND DISCUSSION 
I 

I 
I 

The performance data obtained w i t h  the 533 and the vapor izer - tube  
combustors are presented  i n  t a b l e s  I and 11, r e spec t ive ly .  
t o  the ope ra t ion  of the  f u e l  system a r e  a l s o  included i n  the t a b l e s .  

Data r e l a t i n g  

Combustor Performance 

Combustion e f f i c i ency .  - The combustion e f f i c i e n c i e s  of  the 533 

I n  genera l ,  e f f i c i e n c i e s  from approximately 95 t o  100 
combustor w i t h  gaseous hydrogen f u e l  a t  ambient temperatures are shown 
i n  f i g u r e  10. 

d a t a  p o i n t s  that f a l l  above 100 percent  i n d i c a t e  t h e  p r o b a b i l i t y  t h a t  
the r a d i a t i o n  co r rec t ions  app l i ed  t o  the o u t l e t  thermocouples were i n  
e r r o r .  The combustion e f f i c i e n c i e s  of t h e  533 combustor w i t h  co ld  f u e l  
a r e  p re sen ted  i n  f i g u r e  11. The grea te r  s c a t t e r  of t h e  d a t a  is due t o  
inaccurac i e s  i n  the flow and temperature measurements w i t h  t h e  co ld  f u e l ,  
as p rev ious ly  discussed.  There appears t o  be no r e l a t i o n  between t h e  
combustion-eff ic iency  l e v e l  and the f u e l  temperature ( i n d i c a t e d  a t  each 
d a t a  p o i n t ) .  The f u e l  temperatures shown i n  f i g u r e  11 were measured a t  
the  o u t l e t  of  the o r i f i c e  run  w i t h  a bare-wire thermocouple. 

7 percent  were obtained a t  a l l  ope ra t ing  condi t ions inves t iga t ed .  The f e w  

Comparison of f i g u r e  11 wi th  f i g u r e  10 i n d i c a t e s  that  the l a r g e  
change i n  f u e l  temperature apparent ly  had no e f f e c t  on combustion eff i -  
ciency.  
s u r e  condi t ion  of 4 inches of mercury absolu te .  

The e f f i c i e n c y  l e v e l  i s  near  100 percent  even a t  t h e  lowest p re s -  

The combustion e f f i c i e n c i e s  obtained wi th  the vaporizer- tube com- 
bus to r  are presented  i n  f i g u r e  1 2 .  The performance i s  similar t o  that  
obtairied w l t h  the 533 combustor; e f f i c i e n c i e s  were near  100 pe rcen t  and 
there w a s  no apparent r e l a t i o n  between e f f i c i e n c y  and f u e l  t e q e r a t u r e .  
The d a t a  of f i g u r e  12(a)  were obtained a t  a re fe rence  v e l o c i t y  of 1 9 1  
feet p e r  second as compared wi th  68 and 60 f o r  f i g u r e s  12(b)  and (c ) ,  
r e s p e c t i v e l y .  

Vaporizer-tube temperatures.  - Temperatures of the mixture of a i r  

vaporizer- tube w a l l  temperatures,  a re  presented  i n  f i g u r e  13. The gas 
- and co ld  hydrogen f u e l  f lowing through t h e  vaporizer  tube,  as w e l l  as t h e  
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temperature w a s  measured a t  three s t a t i o n s  (1, 2, and 3) ,  as shown i n  t h e  
sketch i n  f i g u r e  13. 
7000 F) of t h e  instrument used t o  i n d i c a t e  t h e  temperature.  
t eupe ra tu res  are p l o t t e d  i n  f i g u r e  13(a). Three d a t a  p o i n t s  a t  -100' F 
i n d i c a t e  t h a t  t h e  temperature w a s  -1000 F or lower. The o t h e r  two d a t a  
p o i n t s  show the i n c r e a s e  i n  gas temperature wi th  a n  i n c r e a s e  i n  f u e l  
temperature. Temperatures measured a t  s t a t i o n s  2 and 3 were always 
above 700° F, t h e  maximum read ing  of t h e  instrument .  
two p o s s i b l e  occurrences:  
between s t a t i o n s  1 and 2,  causing t h e  l a r g e  temperature r ise,  or ( 2 )  t h e  
thermocouples a t  s t a t i o n s  2 and 3 may have been inf luenced by conduction 
and r a d i a t i o n  from t h e  tube walls. 

Most of t h e  d a t a  were beyond t h e  range (-loo0 t o  
S t a t i o n  1 

These d a t a  i n d i c a t e  
(1) a small flame may have e x i s t e d  i n  t h e  tube 

Attempts were made t o  c o r r e l a t e  vaporizer- tube w a l l  temperatures 
wi th  combustor o u t l e t  temperature,  f u e l  flow, and f u e l  temperature e n t e r i n g  
t h e  tube. The data i n d i c a t e d  a much b e t t e r  c o r r e l a t i o n  w i t h  f u e l  tempera- 
t u r e s  than with e i t h e r  of t h e  o the r  two v a r i a b l e s .  The d a t a  are shown i n  
f i g u r e  13(b).  These d a t a  ( f i g .  13) i n d i c a t e  t h a t ,  if a hydrocarbon f u e l  
and cold hydrogen are i n j e c t e d  s imultaneously i n t o  t h e  vaporizer  tube,  
t h e  hydrocarbon could p o s s i b l y  f r e e z e ;  b u t  it i s  u n l i k e l y  t h a t  any b u i l d -  
up o f  s o l i d  f u e l  would occur, s i n c e  t h e  tube w a l l  temperatures are high.  

Temperature p r o f i l e .  - The temperature  p a t t e r n s  a t  t h e  o u t l e t  of t h e  
533 combustor f o r  bo th  warm- and c o l d - f u e l  ope ra t ion  are presented i n  f i g -  
ure 14.  The data used for developing t h e  isotherms i n  t h e  f i g u r e  are n o t  
included i n  t h e  data t a b l e .  Fuel  temperature  had no appa ren t  e f f e c t  on 
o u t l e t  temperature p r o f i l e s ;  t h e  d i f f e r e n c e s  t h a t  do ex is t  are probably 
due t o  the  d i f f e rence  (146' F) i n  t h e  average exhaust-gas temperature.  
The p r o f i l e s  were similar t o  t h o s e  ob ta ined  w i t h  hydrocarbon f u e l s  i n  t h i s  
combustor. The temperature p a t t e r n s  a t  o t h e r  t e s t  cond i t ions  were similar 
t o  those p re sen ted  i n  f i g u r e  14.  

A typical temperature p a t t e r n  measured a t  t h e  o u t l e t  of t h e  
vaporizing-tube combustor i s  p resen ted  i n  f i g u r e  15, 
duced a hot r eg ion  i n  t h e  c e n t e r  of t h e  duct .  
m a x i m u m  and t h e  minimum temperatures i s  about  800° F as compared wi th  
about 4000 F f o r  t h e  533 combustor ( f i g .  1 4 ( a ) ) .  
made t o  reduce t h e  temperature g r a d i e n t .  

This combustor pro- 
The d i f f e r e n c e  between t h e  

No des ign  changes were 

F u e l  System 

Q u a l i t a t i v e  observat ions,  t oge the r  w i t h  l i m i t e d  q u a n t i t a t i v e  d a t a  
r e l a t i n g  t o  the  design and o p e r a t i o n  of t h e  l iquid-hydrogen f u e l  system, 
are descr ibed i n  t h e  fol lowing paragraphs.  

Fuel-system temperature.  - The temperature of t h e  hydrogen f u e l  a t  
va r ious  s t a t i o n s  i n  t h e  f u e l  system from t h e  o u t l e t  of  t h e  concen t r i c -  

c 

t u b e  hea t  exchanger t o  t h e  f u e l  f e e d  tubes  i n  t h e  vaporizer- tube combustor 
& 
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r( i s  shown i n  f i g u r e  16 as a func t ion  of fuel-f low rate. These d a t a  were ob- 
t a i n e d  wi th  the  f u e l  system arranged as shown i n  f i g u r e  8 ( a ) .  
f i g u r e  16(a) were obtained w i t h  the  f u e l  f lowing through t h e  bypass, 
around the t a i l p i p e  hea t  exchanger, d i r e c t l y  i n t o  t h e  combustor. The 
lowest curve (A) r ep resen t s  t h e  f u e l  temperature a t  t h e  o u t l e t  of t h e  
concentr ic- tube hea t  exchanger, where the f u e l  temperature is  s l i g h t l y  
above i t s  b o i l i n g  temperature.  The temperature d i f f e r e n c e  between curve 
A and curve B r ep resen t s  t h e  hea t  l e a k  in to  approximately 16 f e e t  of 
vacuum-insulated t r a n s f e r  p ipe  p lus  t h e  hea t  l e a k  i n t o  t h e  o r i f i c e  run.  
The temperature d i f fe rence  between curves B and C r e p r e s e n t s  t h e  heat 
l e a k  i n t o  t h e  f u e l  l i n e  between t h e  o r i f i ce - run  o u t l e t  and t h e  i n l e t  
of t h e  f u e l  feed  tube i n  t he  combustor (30 i n . ) .  Since t h e  l eng th  of 
t h e  l i n e  from t h e  o r i f i c e  t o  t h e  f u e l  feed tube  i s  about t h e  same as 
t h e  l eng th  of  t h e  o r i f i c e  run, and s ince t h e  temperature d i f f e rence  
between A and 13 i s  about t h e  same as between B and C, t h e  hea t  l e a k  
i n t o  t h e  vacuum-insulated p ipe  was very small. A s u b s t a n t i a l  tempera- 
t u r e  r i se  (C t o  D) occurred i n  t h e  3.5-inch-long f u e l  f eed  tubes;  t hese  
tubes were immersed i n  t h e  300’ F combustor i n l e t  air .  

The data of 

U 

$ -  

a, 

” 

Fue l  temperatures obta ined  w i t h  the f u e l  f lowing through t h e  t a i l -  
p ipe  h e a t  exchanger ( f i g .  8) a r e  shown i n  f i g u r e  16 (b ) .  
expected, t h e  l a r g e s t  temperature increase i s  i n  t h e  t a i l p i p e  hea t  
exchanger. 

A s  would be 

The e f f ec t iveness  of t h e  vacuum-insulated t r a n s f e r  p ipe  i n  prevent ing  
hea t  l e a k  i n t o  the  l i q u i d  hydrogen could be c a l c u l a t e d  from t h e  f u e l -  
system d a t a  obtained.  The f u e l  temperature a t  the i n l e t  t o  t h e  concentr ic-  
tube h e a t  exchanger i s  p l o t t e d  aga ins t  f u e l  f low i n  f i g u r e  17.  The f u e l  
temperature remains constant  t o  a minimum flow of 5 pounds pe r  hour.  A t  
t h i s  p o i n t ,  t h e  hea t - leak  r a t e  i n t o  the p ipe  is  s u f f i c i e n t  t o  vaporize 
a l l  of t h e  flowing f u e l .  This  accounts f o r  t h e  inc rease  i n  f u e l  tempera- 
t u r e  a t  f u e l  flows below 5 pounds pe r  hour. The s c a t t e r  i n  the  da t a  is  
due p r imar i ly  t o  t h e  va r i ab le  pressure  i n  the  f u e l  l i n e  and t o  poss ib l e  
e r r o r s  i n  t h e  temperature measurement. From t h e  d a t a  obta ined  a t  mini- 
mum fuel-f low r a t e s ,  t h e  hea t - leak  r a t e  was  ca l cu la t ed  t o  be approximately 
38 B t u  pe r  hour pe r  f o o t  of length .  

Fuel-system o s c i l l a t i o n s .  - The hydrogen f u e l ,  suppl ied  as a l i q u i d ,  
h n i l e d  o r  f l a shed  i n t o  a vapor e i t h e r  i n  the  hea t  exchanger o r  i n  t h e  
t r a n s f e r  p ip ing .  O s c i l l a t i o n s  occwred i n  t h e  f u e l  system downstream of  
the  s t a t i o n  where b o i l i n g  occurred. These o s c i l l a t i o n s  a f f e c t e d  t h e  
f u e l  p re s su re ,  temperature,  and flow rate, and combustor o u t l e t  tempera- 
tures .  
s t a t i o n s  i n  t h e  f u e l  system is presented i n  f i g u r e  18. 
of t h e  l i q u i d  hydrogen en te r ing  t h e  concentr ic- tube hea t  exchanger w a s  
cons tan t  a t  i t s  e q u i l i b r i u m  temperature; whereas, t h e  temperature at t h e  
o u t l e t  of t h e  hea t  exchanger o s c i l l a t e d  between t h e  l i q u i d  temperature 
(-416O F)  and -4000 F. The temperature v a r i a t i o n s  a t  the  f u e l - o r i f i c e  

A record ing  made of t h e  f u e l  temperature a t  t h r e e  d i f f e r e n t  
The temperature 
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r u n  a re  shown i n  f i g u r e  18 f o r  a h igh  and a low fue l - f low rate.  The 
amplitude Of the o s c i l l a t i o n s  a t  the high f low rate w a s  about t h r e e  t i m e s  
t h a t  a t  t h e  lower f low rate.  The frequency of  t h e  o s c i l l a t i o n s  shown i n  
f i g u r e  18 is  approximately 1 cycle  p e r  minute. 
higher f requencies;  t h e  frequency i s  probably a f u n c t i o n  of t h e  dynamics 
of the f u e l  system, which would vary wi th  design.  

Other data showed s l i g h t l y  

During operat ion,  it was noted t h a t  f u e l  p re s su re ,  temperature, and 
o r i f i c e  pressure drop va r i ed  i n  unison; t h a t  is, when t h e  p r e s s u r e  was 
at a maximum, the temperature would be a t  a low value and t h e  p r e s s u r e  
drop across  t h e  o r i f i c e  would be a t  a high value.  Thus, t h e  f u e l  d e n s i t y  
va r i ed  over a l a r g e  range, causing l a r g e  v a r i a t i o n s  i n  f u e l  f low during 
t h e  o s c i l l a t i o n .  Seve ra l  attempts were made t o  c o n t r o l  t h e  o s c i l l a t i o n  
by making design changes i n  the f u e l  system. 
had a l eng th  of p i p e  of negat ive s lope  fo l lowing  t h e  h e a t  exchanger. 
t h e  l i q u i d  f u e l  p e r i o d i c a l l y  s p i l l e d  over i n t o  t h e  lower s e c t i o n  of  the 
system and vaporized a t  t h e  bottom, o s c i l l a t i o n s  could occur.  
f e r  pipe was  r e l o c a t e d  so  that  the  f u e l  flowed u p h i l l  over most of  t h e  
d i s t ance  t o  t h e  combustor. This change d i d  not e l imina te  t h e  o s c i l l a t i o n ;  
however, t he  combustor temperature v a r i a t i o n s  were less e r r a t i c .  

The o r i g i n a l  f u e l  system 
If 

The t r a n s -  

Liquid hydrogen has a very low d e n s i t y  and low v i s c o s i t y ,  and thus  
low inherent  damping c h a r a c t e r i s t i c s .  For t h i s  reason, a d d i t i o n a l  re- 
s t r i c t i o n s  t o  f l u i d  flow were i n s t a l l e d  a t  s e v e r a l  p o i n t s  i n  t h e  f u e l  
system i n  a n  attempt t o  elimlnate t h e  o s c i l l a t i o n .  Seven 8-foot  l e n g t h s  
of  3/16-inch copper tubes wi th  t h e  ends s e a l e d  o f f  were i n s t a l l e d  i n s i d e  
t h e  concentr ic- tube hea t  exchanger. The amplitude of t h e  o s c i l l a t i o n s  
a t  the highest  f low rates was reduced; however, o s c i l l a t i o n s  s t i l l  ex- 
i s t e d  i n  the middle  flow range.  Next, f u e l  v e l o c i t y  i n  t h e  system w a s  
increased by ope ra t ing  a t  a lower p r e s s u r e  l e v e l .  A check valve designed 
t o  maintain a l i n e  p re s su re  20 pounds p e r  square inch  lower than  the Dewar  
p re s su re  w a s  i n s t a l l e d  i n  t h e  l iquid-hydrogen f u e l  l i n e  near t h e  Dewar  
t ank .  Approximately half t h e  data r e p o r t e d  h e r e i n  were obtained w i t h  
t h i s  valve i n s t a l l e d .  The f u e l  f lows were r e l a t i v e l y  s table  i n  t h e  lowest 
and t h e  highest  25 pe rcen t  of the o v e r - a l l  fuel-flow range.  O s c i l l a t i o n s  
were s t i l l  encountered i n  t h e  middle 50 pe rcen t  of t h e  range.  I n  t h e  
high flow range, a change i n  fuel-f low s e t t i n g  would cause the  o s c i l l a t i o n s  
t o  reoccur; they would, however, slowly diminish w i t h  t i m e .  

A brief s tudy w a s  made w i t h  an automatic,  pis ton-operated valve 
i n s t a l l e d  i n  the f u e l  l i n e  c l o s e  t o  t h e  o r i f i c e  run.  The p r e s s u r e  down- 
stream of the valve w a s  r e g u l a t e d  equa l  t o  a c o n t r o l  p r e s s u r e  s i g n a l  
supp l i ed  t o  t h e  p i s t o n  independent of t h e  v a r i a b l e  upstream p r e s s u r e .  
This c o n t r o l  method worked w e l l ,  bu t  d i f f i c u l t y  w a s  encountered i n  p r e -  
vent ing leaks through t h e  s h a f t  seals of t h e  valve.  

Finned-tube hea t  exchanger. - The finned-tube h e a t  exchanger w a s  a 
Tests were compact design f o r  adding hea t  t o  vaporize l i q u i d  hydrogen. 



conducted t o  determine t h e  e f f e c t  o f  r ap id  temperature changes on t h e  u n i t .  
The u n i t ,  which w a s  immersed i n  a 1500° F gas stream, w a s  sub jec t ed  t o  
r a p i d  coo l ing  by introducing i n t o  i t  hydrogen gas a t  -4OOO F. Examination 
of t h e  tube  after s e v e r a l  t r ia ls  showed no damage t h a t  could be a t t r i b u t e d  
t o  t h e  thermal  shock. 

4 

SUMMARY OF RFSULTS 
r- 
rl 
Lo The r e su l t s  of a br ief  s tudy of t u r b o j e t  combustor performance and 
dc of fuel-system va r i ab le s  wi th  hydrogen a t  a temperature near i t s  b o i l i n g  

p o i n t  are summarized as fol lows:  

1. Combustion e f f i c i e n c i e s  near 100 pe rcen t  were obtained for two 
d i f f e r e n t  combustor designs over a range of combustor i n l e t  p r e s s u r e s  
from 4 t o  40 inches of  mercury abso lu te .  Similar  resul ts  were obtained 
w i t h  f u e l  at ambient temperatures,  i n d i c a t i n g  no s i g n i f i c a n t  e f f e c t s  of 
f u e l  temperature on combustion e f f i c i ency .  

N 
I 

3 -  

2.  Combustor o u t l e t  temperature p r o f i l e s  were not adve r se ly  a f f e c t e d  
by t h e  low f u e l  temperature.  

3. Control  and measurement of  fuel-flow v a r i a b l e s  showed that pres-  
s u r e  and temperature o s c i l l a t i o n s  occurred i n  t h e  two-phase p o r t i o n  of 
t h e  cold-hydrogen-fuel system. 

4.  The rate o f  hea t  l e a k  i n t o  a vacuum-insulated t r a n s f e r  p i p e  w a s  
c a l c u l a t e d  t o  be approximately 38 B t u  pe r  hour p e r  f o o t  of  l eng th .  

5. No no t i ceab le  damage occurred i n  a finned-tube h e a t  exchanger 
that w a s  sub jec t ed  t o  cold-fuel  i n t roduc t ion  a t  f u e l  temperatures near 
-4OOO F while  immersed i n  a 1500° F gas stream. 

L e w i s  F l i g h t  Propuls ion Laboratory 
Na t iona l  Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, November 26, 1956 
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. 
APPENDIX - CALIBRATION 

The copper-constantan thermocouple wire used f o r  f u e l  temperature 
measurement w a s  c a l i b r a t e d  at t h r e e  temperature re ference  p o i n t s :  l i q u i d  
hydrogen, l i q u i d  n i t rogen ,  and i c e  water. The method used t o  ob ta in  a 
complete c a l i b r a t i o n  curve is  i l l u s t r a t e d  i n  f i g u r e  19 .  Data f o r  copper- 
constantan thermocouples r epor t ed  i n  r e fe rence  6 were used as a basis. 
The da ta  were p l o t t e d  on semilogarithmic paper and ad jus t ed  empi r i ca l ly  
u n t i l  a s t r a i g h t - l i n e  c a l i b r a t i o n  was obta ined .  Two d i f f e r e n t  s c a l e  
f a c t o r s  had t o  be used t o  l i n e a r i z e  t h e  data, as shown i n  f i g u r e  19 .  
d a t a  obtained wi th  two d i f f e r e n t  thermocouples r epor t ed  i n  r e fe rence  6 
were l i n e a r i z e d  by t h e  same s c a l e  f a c t o r  a t  temperatures below 130° R.  

The P 
t 
0 - 

The low temperatures measured i n  t h i s  i n v e s t i g a t i o n  were i n d i c a t e d  
by m i l l i v o l t  readings obtained on a s l ide -wi re  potent iometer  wi th  a 
re ference  b a t h  of l i q u i d  n i t rogen .  
l i qu id -n i t rogen  bath,  t h e  m i l l i v o l t  v a r i a t i o n  per  degree change i n  tem- 
pera ture  w a s  small, approximately -0.006 m i l l i v o l t  pe r  O R .  
readings were obtained wi th  t h e  thermocouple immersed i n  t h e  l i q u i d  hydro- 
gen at the  i n l e t  s i d e  of t h e  concentr ic- tube hea t  exchanger. The tem- 
pe ra tu re  of t h e  hydrogen w a s  assumed t o  be t h e  equi l ibr ium temperature 
at t h e  p re s su re  e x i s t i n g  i n  t h e  flow system. Twelve of t hese  d a t a  p o i n t s  
a r e  shown i n  f i g u r e  19.  Since t h e  o ther  two curves were l i n e a r  between 
40° and 140° R, it w a s  assumed t h a t  t h e  thermocouples be ing  c a l i b r a t e d  
were also l i n e a r  i n  t h i s  range wi th  t h e  s c a l e  f a c t o r  chosen. A t  tempera- -. 
tures above 130° R, t h e  c a l i b r a t i o n  d i f f e r e n c e s  were n e g l i g i b l e .  
s c a t t e r  of t h e  data p o i n t s  i n d i c a t e s  an e r r o r  of approximately +2O R 
due t o  d r i f t  i n  t he  potent iometer .  When t h e  c a l i b r a t i o n  was completed, 
t h e  da t a  were r e p l o t t e d  on r e c t i l i n e a r  coord ina tes  similar t o  those  shown 
i n  f i g u r e  20. I n  t h e  example shown, t h e  m i l l i v o l t  read ings  were c o r r e c t e d  
t o  a re ference  temperature of i c e  water. 

For l i q u i d  hydrogen and wi th  t h e  

M i l l i v o l t  

The 

The poss ib l e  e r r o r  due t o  thermocouple c a l i b r a t i o n  i s  i l l u s t r a t e d  
i n  f i g u r e  20. 
same m i l l i v o l t  reading of -6.15 m i l l i v o l t s .  I n  t h i s  temperature range 
(40° R ) ,  t h i s  r ep resen t s  a 25-percent d i f f e r e n c e  i n  abso lu te  temperature 
due t o  thermocouple c a l i b r a t i o n  a lone .  

A d i f f e rence  of approximately 10' R may be obta ined  a t  t h e  

The e f f e c t  of sh i e ld ing  t h e  thermocouple used i n  t h e  o r i f i c e  r u n  i s  
i l l u s t r a t e d  i n  f i g u r e  21. Or ig ina l  c a l c u l a t i o n s  showed t h a t  i n d i c a t i o n s  
from bare-wire thermocouples i n  t h e  co ld  stream may be erroneously h igh  
by approximately 50 R owing t o  r a d i a t i o n  from t h e  surrounding tube .  The 
da ta  presented i n  f i g u r e  21, however, show t h a t  t h e  bare-wire thermocouple 
i n  most cases ind ica t ed  lower temperatures than  t h e  sh i e lded  thermocouple, 
p a r t i c u l a r l y  a t  lower temperatures approaching l iquid-hydrogen temperature .  
The indica ted  temperature d i f f e rences  were, i n  most cases ,  no greater 
than  f4' R, r ep resen t ing  about f8 percent  a t  t h e  lowest temperature Of 
SO0 R and about *2 percent  a t  2300 R. These d i f f e rences  may be a t t r i b u t e d  
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t o  the d r i f t  i n  t he  potent iometer  and  t o  the reading  e r r o r .  They cannot 
be a t t r i b u t e d  t o  hea t  added t o  t h e  system between the two thermocouples, 
because the bare-wire thermocouple was i n s t a l l e d  about 1 inch  downstream 
of t h e  sh i e lded  thermocouple. 

* 

Fue i -Flow Me as ur  euent 

The fol lowing equat ion  w a s  used f o r  c a l c u l a t i n g  f u e l  flows: 

where 

wf fue l - f low rate, lb/hr 

d2 o r i f i c e  diameter, i n .  

Cfz  o v e r - a l l  f low c o e f f i c i e n t ,  dimensionless 

Y expansion f a c t o r ,  dimensionless 

E area m u l t i p l i e r  f o r  thermal expansion, dimensionless 

P f l u i d  dens i ty ,  lb/cu f t  

E d i f f e r e n t i a l  p re s su re  drop ( i n  water) 

Most of  t h e  terms i n  t h e  equat ion a r e  a f f e c t e d  by v a r i a t i o n s  i n  p r o p e r t i e s  
of  the hydrogen f u e l  a t  t h e  low temperatures.  
i s  cons tan t  over most of  the range of f u e l  f lows but  i nc reases  q u i t e  rap-  
i d l y  a t  low Reynolds numbers. Some of t h e  da t a  obta ined  were i n  t h i s  low 
Reynolds number reg ion .  The v i scos i ty  of co ld  hydrogen varies markedly 
w i t h  temperature and had t o  be accounted f o r  i n  t h e  c a l c u l a t i o n  of Reynolds 
number. Since the  incompressible-flow equat ion  was  used, t he  f a c t o r  Y 
was introduced t o  account f o r  t h e  expansion of t h e  gases  fol lowing the 
o r i f i c e .  The term Y is  a f f e c t e d  by the r a t i o  of  s p e c i f i c  h e a t s  o f  the 
f l u i d  as w e l l  as t h e  p re s su re  r a t i o  across  the o r i f i c e .  The r a t i o  of 
s p e c i f i c  heats of hydrogerr v a r i e s  considerably a t  temperatures below 
ambient, as shown i n  f i g u r e  22 (ref.  7 ) .  Most of the data r epor t ed  were 
a t  f u e l  temperatures i n  t h e  r eg ion  where the r a t i o  of s p e c i f i c  h e a t s  w a s  
cons tan t  a t  1.67. Some of the data, however, were i n  t h e  temperature 
range above 100' R, where t h e  r a t i o  v a r i e s  w i t h  temperature  and a l s o  
depends on the form (or tho  or - p a r a )  of hydrogen. Under s tandard  tempera- 
t u r e  and p res su re  condi t ions,  hydrogen e x i s t s  i n  the r a t i o  of  three p a r t s  
o r tho  t o  one p a r t  -9 para .  however, at very low temperatures  a l l  hydrogen 

The flow c o e f f i c i e n t  C f z  

II 
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molecules t end  t o  convert  t o  the para form. Since t h e  p ropor t ion  of 
ortho- and para-hydrogen suppl ied t o  the f u e l  system w a s  not  known, t h e  
intermediate ,  "normal" curve shown i n  f i g u r e  22 w a s  used i n  t h e  
c a l c u l a t i o n s .  

- 

The area c o r r e c t i o n  f a c t o r  E i n  t h e  flow equat ion a f f e c t e d  flow rate 
by only about 0.5 p e r c e n t ,  which w a s  n e g l i g i b l e  compared w i t h  t h e  e f f e c t s  
of the o t h e r  v a r i a b l e s .  The d e n s i t y  of the hydrogen p a t  temperatures 
near  t he  b o i l i n g  p o i n t  d e v i a t e s  somewhat from the p e r f e c t  gas l a w s .  The 
d e n s i t i e s ,  t he re fo re ,  were read from a c h a r t  ( re f .  7 ) .  

tl 
t 
C 

Combustor O u t l e t  Temperature 

The 25 thermocouples used t o  measure combus t o r  o u t l e t  temperatures 
were arranged i n  t h r e e  r i n g s ,  each con ta in ing  e i g h t  thermocouples and 
one loca ted  i n  t h e  cen te r  of  t h e  duc t .  The thermocouples were designed 
w i t h  a long length-to-diameter r a t i o  t o  minimize conduction e r r o r  ( ref .  
5 ) .  Radiat ion c o r r e c t i o n s  were app l i ed  t o  t h e  average thermocouple 
readings by t h e  method of  r e fe rence  5. Unpublished d a t a  obtained i n  
combustion tests with hydrogen i n d i c a t e d  t h a t  t h e  r a d i a t i o n  c o r r e c t i o n  
could be app l i ed  t o  the  average of t he  i n d i v i d u a l  r ead ings  r a t h e r  t han  
t o  each thermocouple r ead ing  i n d i v i d u a l l y .  Values o f  r a d i a t i o n  cor- 
r e c t i o n  i n  t a b l e s  I and I1 were as h igh  as 405O F a t  t h e  h ighes t  tempera- 
t u r e  l e v e l .  These l a r g e  c o r r e c t i o n s  are themselves s u b j e c t  t o  apprec i ab le  
e r r o r  because of  l i m i t e d  w a l l  temperature d a t a  used t o  c a l c u l a t e  t h i s  
co r rec t ion .  
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TABLE I .  - EXPERIMENTAL DATA FOR 533 COMBUSTOR 
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c, veloci ty ,  126 f e e t  per second. 

( c )  I n l e t - a i r  pressure, 15 inches of mercury absolute;  reference 
veloci ty ,  98 f e e t  per second. 

Figure 10. - Cambustion e f f i c i enc ie s  of 533 combustor with hydrogen f u e l .  
Fuel temperature, approximately 80' F; i n l e t - a i r  temperature, 300' F. 



0 .  0.. . . . 0 .  .. . ..a . 0. .  0 .  
0 . 0  0 . 0  ... . 0 .  m a  .. 

ri rl 

1 -1 f 
0 

OE;; 

4 E 

... 
a, 
t, 
9 
ri 
0 
m 

% 

29 



............... ....... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  
30 

... ..... NACA RM E56K27a 

(a) Inlet-air pressure, 14.3 inches of mercury absolute; reference velocity, 191 
feet per second. 

(b) Inlet-air pressure, 36.6 inches of mercury absolute; reference velocity, 68 
feet per second. 

Fuel-air ratio 

(c) Inlet-air pressure, 40.6 inches of mercury absolute; reference velocity, 60 
feet per second. 

Figure 12. - Combustion efficiencies of vaporizer-tube combustor with hydrogen fuel. 
Inlet-air temperature, 300° F; fuel temperature indicated at each data point. 



....... ............... . . . . . . . . . . . . . . . .  . . 0 .  
0 .  0 .  0 .  ........ NACA RM E56K27a 

(a) Gas temperature (station 1). 

Feed-tube outlet fuel temperature, OF 

(b) Vaporizer-tube w a l l  temperature. 

Figure 13. - Variation of gas and w a l l  temperature with feed- 
tube outlet fuel temperature for vaporizer-tube combustor 
using cold hydrogen fuel. 

31 
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(a) Fuel temperature, 80' F; average outlet temperature, 1785' F. 

Figure 14. - Exhaust-gas temperature pattern in 533 combustor. 
Combustor inlet-air temperature, 300° F; inlet-air pressure, 
8 inches of mercury absolute; reference velocity, 98 feet 
per second. 
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(b) Fuel temperature, -370' F; average outlet temperature, 1931' F. 

Figure 14. - Concluded. Exhaust-gas temperature pattern in 533 com- 
bustor. 
sure, 8 inches of mercury absolute; reference velocity, 98 feet 
per second. 

Combustor inlet-air temperature, 300' F; inlet-air pres- 
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............... ....... . . . . . . . . . . . . . . . .  ..... ..... 
0 .  0 .  . . . .  ...... NACA RM E56K27a .a. 0. 

Figure 15. - Temperature pattern at outlet of vaporizer-tube 
combustor. Combustor inlet-air pressure, 15 inches of mercury 
absolute; inlet-air temperature, 300' F; reference velocity, 
60 feet per second; f u e l  temperature, -303' F; average outlet 
temperature, 1748' F. 
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Figure 19. - Method of c a l i b r a t i n g  copper-constantan thermo- 
couples used i n  i n v e s t i g a t i o n .  
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Bare-wire- thermocouple reading, ?R 

Figure 21. - Difference in temperature readings obtained 
with shielded and unshielded copper-constantan 
thermocouples. 
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